Background-The pattern of progression of a meal from the stomach to the caecum in diabetes mellitus is controversial and the differential roles of transit through the jejunum and the ileum have not been investigated in diabetes.
Aims-To determine gastric emptying and transit rates through proximal and distal regions of the small bowel in type I diabetic patients. Subjects-The study included six diabetic patients with evidence of autonomic neuropathy (DM-AN group), 11 diabetics without autonomic dysfunction (DM group), and 15 control volunteers. Methods-Gastric emptying and small bowel transit of a liquid meal were evaluated scintigraphically in these subjects. Transit through regions ofinterest corresponding to the proximal and distal small intestine up to the caecum was determined and correlated with gastric emptying rates, cardiovascular measurements of autonomic function, and the occurrence of diarrhoea. Results-Gastric emptying and transit through the proximal small bowel were similar in the three groups. The meal arrived to the caecum significantly earlier in DM-AN patients (median; range: 55 min; 22->180 min) than in the DM group (100 min; 44->180 min, p<0.05) or in controls (120 miin; 80->180 min, p<0.02). Accumulation of chyme in the distal small bowel was decreased in DM-AN patients, who showed values for peak activity (30%; 10-55%) significantly lower than in the DM group (49%; 25-77%, p=0.02) and controls (50%; 30-81%, p=0.02). In DM patients (n=17), the time ofmeal arrival to the caecum was significantly correlated with both orthostatic hypotension (coefficient of contingency, C=0 53, p<0.01) and diarrhoea (C=0.47, p<0.05), but not with gastric emptying rates. Conclusions-Patients with type I diabetes mellitus and sympathetic denervation have abnormally rapid transit of a liquid meal through the distal small bowel, which may play a part in diarrhoea production. (Gut 1996; 39: 748-756) Keywords: diabetes mellitus, gastrointestinal transit, gastric emptying, small bowel transit, autonomic neuropathy, diabetic diarrhoea.
Abnormalities of gastrointestinal motility causing troublesome symptoms are well known complications of longstanding diabetes mellitus.' 2 These motor disorders seem to be more frequent in patients with evidence of autonomic neuropathy,'-5 which suggests a role for gut denervation in symptom production.
Involvement of the small bowel, in particular, has been thought to contribute to the pathophysiology in diabetic diarrhoea,' 2 5 6 and it has been proposed that abnormal small bowel motility and transit could cause diarrhoea through a number of mechanisms.' Slow intestinal transit might be responsible for bacterial overgrowth7 whereas rapid transit would lead to diarrhoea due to 'intestinal hurry'.6 Nevertheless, studies concerning small intestinal transit in diabetic patients are not extensive and have produced conflicting results. Mouth to caecum transit time assessed by the hydrogen breath technique has been found to be prolonged2 8 or normal.' 9 '0 On the other hand, the passage of a barium meal through the gastrointestinal tract was reported to be accelerated in some patients with diabetic diarrhoea. 6 Regardless of these discrepancies, the relation between gastric emptying and small bowel transit rates has not been extensively evaluated in diabetics.
In a previous study we found that patients with type I diabetes mellitus associated with autonomic neuropathy have abnormally rapid gastric emptying of liquids. 4 We hypothesised that this abnormality could lead to accelerated transit through the entire length of the small bowel, thus contributing to diarrhoea production. This study therefore aimed to measure gastric emptying and transit through the small bowel after the ingestion of a liquid nutrient meal in type I diabetic patients with evidence of autonomic neuropathy. As there is evidence that the jejunum and the ileum display different transit patterns,"1 we assessed the differential roles of proximal and distal small bowel in determining small intestinal transit.
The relations between gastrointestinal transit, signs of autonomic dysfunction affecting the cardiovascular system, and the occurrence of diarrhoea were also evaluated.
Methods
This study was carried out according to a protocol previously approved by the local ethics committee, with informed written consent obtained from each subject. Table I gives the clinical data of the patients studied. No patient presented evidence of renal failure. All patients were regarded by their attending physicians as being fairly stable, as far as diabetes control was concerned, with no records of clinical or laboratory decompensation or increase in the usual insulin dose in the six month period preceding the study. On the morning of the day of the study, fasting plasma glucose concentrations (Table I) ranged from 3-8 to 14-0 mmol/l (median=6.2 mmol/l) for group DM and from 3-6 to 13.0 mmol/l (median=8.3 mmol/l) for group DM-AN. Urinary glucose excretion during the 24 hours preceding the gastrointestinal transit study ranged from 0 to 12 g/24 h (median=4 g/24 h) for group DM and from 0 to 12 g/24 h (median=5-7 g/24 h) for group DM-AN. RSA magnitude was determined in the supine position with the subjects breathing at a fixed respiratory rate of six cycles per minute. Instantaneous heart rate (R-R interval) was measured with a cardiotachometer (HewlettPackard, model 8812-A) and recorded on heat sensitive paper (Hewlett-Packard, model 7754-A). Beat to beat variation was reported as the mean value of the differences between maximum and minimum instantaneous heart rate during six respiratory cycles. '4 The Valsalva manoeuver was also performed in the supine position by maintaining the intrathoracic pressure fairly constant at 40 mm Hg for 15 seconds. Heart rate was continuously recorded on the ECG throughout the test. The ratio of the shortest R-R interval during the manoeuver to the longest R-R interval 30 seconds after this manoeuver (Valsalva ratio) was calculated.'3 15 These three cardiovascular tests yield five variables for the assessment of autonomic control: (1) heart rate variation during the first 10 seconds after tilting, for assessing vagal activity on sinus node`5; (2) heart rate variation from the first to the fifth minute after tilting, for assessing sympathetic mechanism of heart rate increase'5; (3) arterial pressure response to standing in the tilting test, for assessing peripheral sympathetic function'5; (4) After ingestion of the liquid test meal was completed, the subject was placed upright in front of the hexagonal hole, low energy, high sensitivity collimator of a gammacamera (Orbiter Stand, Siemens Gammasonics, USA) coupled to a computer (Microdelta System, Siemens Gammasonics, USA). External markers (plastic needle cover containing cotton soaked in 99mTechnetium-sulphur colloid) were fixed to the skin, one on the right hypochondrium and the other on the right lower quadrant, 2 cm medially to the anterior superior iliac spine. The first marker allowed correction for body movements, whereas the second established the anatomical reference to the caecum.'7 Serial images of the distribution of the ingested radioactivity over the anterior and posterior views of the abdomen were obtained every five minutes for the first 30 minutes and every 10 
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Regions of interest (ROIs) for the anterior and the posterior views of the stomach were defined on each scintigram. Decay corrected counts for both anterior and posterior gastric ROIs were geometrically averaged to correct for the posterior-anterior movement of the marker within the stomach.`' A time activity curve for the stomach was derived from these corrected data. Three parameters were determined by analysis of this curve. The percentages of initial activity remaining in the gastric area 15 minutes and 120 minutes after the meal were taken as indicating early and late gastric emptying (GE), respectively. The tl,2 was defined as the period of time necessary for the activity in the gastric area to fall 50/o from the initial levels.
Gastrointestinal transit ROIs for the anterior view of the proximal and distal segments of the small bowel and the caecum were defined on each image according to procedures recommended by others," 20 as previously described.'8 Initially, the progression *of the radiolabelled meal was visually assessed by replaying the successive frames on the video monitor. Immediately after meal ingestion, the typical image of the stomach was seen in the first frames. Thereafter, activity leaving the stomach was seen on the left and immediately below the gastric area. As gastric emptying proceeded, activity was detected only briefly in this region, which remained nearly empty throughout the study. From this region, the radioactivity moved to the right and downward to the pelvic area, where it seemed to accumulate, forming a nearly round image before starting to ascend towards the caecum (Fig 1) . Activity in each of these ROIs was expressed as the percentage of total abdominal activity so as (Fig 2) . In all controls and in nine DM patients, the stomach emptied evenly and the front of the meal travelled (A, B, and C). In patient A, gastrointestinal transit was steady with accumulation of meal marker in the distal small bowel before caecalfilling. In patient B both gastric emptying and small bowel transit were very fast, with the tracer reaching the caecum at 30 minutes, without previous accumulation in the distal area. In patient C, the front of the meal emptied rapidly from the stomach and also reached the caecum rapidly. However, there was no subsequent gastric emptying nor any further progression of the marker through the small bowel. EM=external marker.
rapidly across the proximal small bowel and seemed to accumulate in distal segments, before the caecum was reached (Fig 2A) . Seven diabetics (five from group DM-AN) showed a completely different pattern, with a trend towards more rapid gastric emptying and rapid transit through both proximal and distal small bowel segments. None of these patients showed evidence of accumulation of the tracer in the ileal region (Fig 2B) . Lastly, another pattern was observed in one DM-AN patient with a biphasic pattern of gastric emptying. In this patient, the front of the meal emptied rapidly from the stomach and quickly reached the caecum. Therafter, no subsequent gastric emptying was noticeable nor was there any progression through the small bowel (Fig 2C) . Figure 3 shows the results concerning the time of meal arrival to the ROIs corresponding to the proximal and distal small bowel and to the caecum. There were no significant differences between the three groups regarding the time of meal arrival to the proximal and distal small bowel. However, the time of meal arrival to the caecum was significantly shorter in the DM-AN group (median; range 55 min; 22-> 180 min) than in the controls (120 min; 80->180 min; p<0025) or the DM group (100 min; 44->180 min; p<005). Figure 4 shows the activity versus time curves constructed, for the ROIs corresponding to the stomach, the proximal and the distal small intestine, and the caecum. There were no significant differences between diabetics and controls regarding the values for activity in the ROI for the stomach (Fig 4A) and the proximal small bowel (Fig 4B) at any time point during the study. However, in the DM-AN group, activity in the ROI for the distal small bowel was consistently lower than in both the control and DM groups, with differences reaching statistical significance from 90 minutes up to the end ofthe study ( Fig  4C) . Activity in the ROI for the caecum in the DM-AN group was consistently higher than in both the controls and DM patients (Fig 4D) . (Fig 2 and Fig 4) Time (min) Figure 4 : Activity time curves for the stomach (A), the proximal (B) and the distal (C) small bowel, and the caecum (D) in controls and in diabetic patients without (DM) and with evidence ofautonomic neuropathy (DM-AN). Data are presented as median values of activity at each time point, expressed as percentage of total abdominal activity.
CORRELATIONS BETWEEN GASTRIC EMPTYING AND GASTROINTESTINAL TRANSIT TIME
There was a significant correlation between early GE and the time of meal arrival to the proximal small bowel both in controls (r=0.73; 0 02<p<0 05) and in diabetic patients (r=0.76; p=0002). However, no significant correlation was found between the remaining gastric emptying and intestinal transit data in any of the groups studied. 
Discussion
In this study, the application of a suitable scintigraphic technique to assess gastrointestinal transit allowed us to show that male type I diabetes mellitus patients with autonomic neuropathy have abnormally early arrival of the head of a liquid meal to the caecum and diminished accumulation of chyme in the distal small intestine.
A significant correlation between tc assessed by scintigraphy and OCTT measured by H2 breath test indicates that the isotope technique provides a valid way to estimate the arrival of the head of a test meal to the caecum, thus confirming previous observations.20 As far as the proximal and distal small bowel is concerned, no such validation is available, as there are no independent, physiological techniques to assess segmental small bowel transit. Nevertheless, the ROI for both the proximal and distal small bowel were defined according to the visual resolution of the progression ofthe isotope through successive segments and conformed with accepted topographic disposition for the jejunum and the ileum. 22 Although there was a trend toward more rapid gastric emptying in both groups of diabetics compared with controls, no significant differences in gastric emptying rates were found between either group of diabetics and controls. This finding, as well as the lack of correlation between data for gastric emptying and intestinal transit measurements, indicate that the rapid gastric emptying of liquids that we4 and others23 have previously found in diabetes mellitus does not seem to be involved in the production of abnormally fast small bowel transit in patients with autonomic neuropathy.
Our findings of accelerated small bowel transit in diabetic patients with autonomic dysfunction are in agreement with the pioneering study by Malins and French,6 who used a radiological technique. Also, rapid small intestinal transit has been previously observed in some patients in a large group of diabetics.9 However, a number of other studies have demonstrated normal5 9 10 or delayed2 8 small intestinal transit in diabetics. A potential source for such discrepancies is diversity of criteria for patient selection. In an attempt to minimise variability caused by sex,24 type of diabetes mellitus,25 and age,26 we have studied only male type I diabetics within a relatively narrow age range. Interestingly, the final composition of our group of diabetics had a few unexpected features. Firstly, we found a relatively high proportion of patients with diarrhoea in our previously unselected sample of male type I diabetes, even though diarrhoea was not a major clinical problem in these patients. This relatively high frequency of diarrhoea might be explained by either a particular pattern of referral of outpatients to our teaching hospital or by the fact that clinical evaluations were performed by physicians more prone to detect and record any minor digestive manifestation. Secondly, we found that all patients meeting the criteria for inclusion in the group with autonomic neuropathy (DM-AN) had objective evidence of orthostatic hypotension, which is known to indicate sympathetic dysfunction.'3 15 16 These findings enabled us to suggest a causative association between sympathetic denervation, rapid distal small bowel transit, and diarrhoea in diabetics.
The results of our transit study show that the proximal and distal regions of the small bowel have different roles in determining the abnormally fast arrival of the meal to the caecum. As previously shown by others," the jejunum and the ileum display different transit patterns after the ingestion of a liquid caloric meal. Chyme passes rapidly through the jejunum whereas the ileum seems to be a zone of accumulation. Accordingly, in all our controls and in nine of 11 diabetic patients without evidence of autonomic neuropathy, transit through the proximal and distal small bowel conformed to these patterns. In contrast, in the group of diabetics with autonomic neuropathy there was no evidence of accumulation in the distal small bowel, even though transit through the proximal intestine seemed to be preserved. This finding suggests that early arrival of the head of the meal to the caecum in diabetics with autonomic dysfunction is probably caused by motor disturbances affecting predominantly the ileum or the ileocolonic junction, or both. We cannot rule out, however, the possibility that accelerated distal small bowel transit is a consequence of impaired sodium and water absorption caused by sympathetic denervation of the ileum known to occur in diabetic neuropathy.27 The addition of lactulose to our test meal as a substrate for the H2 breath test might also have caused an accelerating effect on gastrointestinal transit due to its osmotic action. This passive effect, however, would be similar for normal subjects and diabetic patients and therefore could not be taken as the cause of the differences in transit herein shown.
The factors influencing transit through the more distal segments of the small bowel under normal conditions and the patterns of ileal transit in different diseases are still poorly understood. Greydanus et a128 studied colonic filling after the ingestion of a solid meal and found that in healthy volunteers the ileocolonic transfer of chyme is characterised by bolus movements followed by plateaus, when no transfer was observed. Although our study assessed small bowel transit rather than colonic filling, it is plausible to assume that accumulation in the distal small bowel may correspond to the plateaus described by Greydanus et al.28 A few studies using scintigraphic techniques28 29 have shown that small bowel transit and colonic filling after the ingestion of a solid meal are delayed among some diabetic patients who included a larger group of patients with intestinal pseudo-obstruction. The discrepancy between these results and ours might be due to differences in the pattern of gastrointestinal involvement in diabetes, because none of our patients had any evidence of obstructive features in their clinical picture. It is also noteworthy that, in contrast with others,28 29 we assessed gastric emptying and small bowel transit only after the ingestion of a liquid meal with a relatively low fat concentration and containing lactulose. Our results therefore cannot be generalised to a solid, ordinary meal with higher lipid content. On the other hand, it is fairly well known that a solid test meal is more likely to disclose gastroparesis in diabetic patients than a liquid meal, which might account for delayed small bowel transit and colonic filling, as found by others. 28 29 The lack of a close correlation between data for the cardiovascular and gatrointestinal measurements is not surprising and has been reported in other studies.'0 This could be explained by regional differences in nerve dysfunction or low sensitivity of cardiovascular tests in detecting widespread denervation in diabetics. Nevertheless, there was a significant correlation only between orthostatic hypotension and early arrival of the meal marker to the caecum in the overall group of diabetics. As orthostatic hypotension in diabetics is thought to be caused by efferent sympathetic dysfunction,'3 15 16 it is possible that impairment of adrenergic influences on distal small bowel motor activity may be involved in the production of rapid distal small bowel transit in diabetics with autonomic neuropathy. This interpretation is consistent with previous findings suggestive of a prominent role of sympathetic influences in the control of human gastrointestinal transit.30 It has also been shown that sympathetic deprivation is probably involved in the production of upper gut dysmotility in diabetic patients with gastroparesis.3133 and in water and chloride malabsorption in diabetic diarrhoea. 34 Postprandial hyperglycaemia is an additional factor that could possibly contribute to small intestinal transit disorders in diabetic patients. Induced hyperglycaemia has been shown to inhibit gastric motility and emptying in healthy subjects35 36 and to slow gastric emptying in diabetics.37 We attempted to reduce this putative influence of hyperglycaemia in our results by including only patients with satisfactory metabolic control. Also, fasting plasma glucose and urinary glucose excretion concentrations before the test in the group of diabetic patients with evidence of autonomic neuropathy were similar to those observed in the remaining patients. Although we cannot rule out an influence of hyperglycaemia on our results, it is unlikely that this factor contributed to transit acceleration, because at least in healthy volunteers small bowel transit is significantly prolonged during hyperglycaemia. 38 The association between rapid small intestinal transit, autonomic dysfunction, and diarrhoea herein shown has already been recognised in a number of different conditions including diabetes6 39 and postvagotomy diarrhoea. 40 41 More recently, abnormally fast small intestinal transit of a liquid meal has been reported in eight patients with chronic diarrhoea and some form of autonomic dysfunction related to systemic disease, including diabetes mellitus. 42 A number of mechanisms might be involved in the production of diarrhoea associated with autonomic dysfunction in diabetics. It is plausible that deranged small bowel motility caused by impaired neural influences on the gut may lead to exceedingly early transfer of chyme to the caecum, which would overload the large bowel and contribute to diarrhoea production, particularly when a hyperosmolar meal is ingested. Bile malabsorption43 might also be involved because decreased accumulation of chyme in the distal small bowel probably reduces the re-absorption of bile salts in the ileum. Impaired absorption of water and electrolytes associated with reduced (X2 adrenergic activity,27 which has been proposed as a key factor in diarrhoea production in diabetic patients,34 might also result from diminished accumulation of chyme in the distal small bowel. Thus, rapid transit through the more distal segments of the small bowel could be a common component in the multifactorial origin of diarrhoea production in patients with diabetic autonomic neuropathy.
Rapid small intestinal transit and reduced accumulation of chyme in the distal small bowel of diabetic patients are unlikely to affect the absorption of nutrients and drugs that takes place mostly in the more proximal segments of the small bowel. It is plausible, however, that the transit abnormalities herein shown might interfere with the release of ileal neuropeptides, such as enteroglucagon,44 which are known to take part in glycaemic control.45
In conclusion, our findings indicate that type I diabetic patients with evidence of autonomic neuropathy have abnormally rapid progression of a liquid meal through the small bowel. The earlier arrival of chyme to the large bowel does not seem to be due to accelerated gastric emptying, but rather to a reduced accumulation in the more distal segments of the small intestine. These transit abnormalities in diabetic patients were found to be correlated with both the presence of orthostatic hypotension and the occurrence of diarrhoea. Although our findings cannot be fully generalised to an ordinary diet, it is suggested that impairment of sympathetic influences on distal small bowel motility might play a part in the acceleration of intestinal transit, which in turn might be involved in the production of diarrhoea in diabetes.
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